SECTION I

INTRODUCTION AND BACKGROUND
The current interest in composite materials stems from the philosophy that any future significant contributions will probably employ a combination of two or more very different materials. The goal of such composites would be to utilize the most desirable Inherent properties of each constituent to achieve, in effect, a new class of structural materials, However, the advantages to be gained by combining two different materials must be tempered by the fact that certain other properties are compromised (Reference 1).
Ceramics, while offering good oxidation resistance at elevated temperatures, have the disadvantage of being extremely brittle. However, by compromising certain properties of both a ceramic-type fiber and a metal matrix, one can achieve a new material with a unique set of properties. This new class of materials, while offering great potential, also poses many problems. Generally, to fully utilize the properties of a composite, it must be custom-made for the specific application for which it is intended to be used. That is, a composite's highly anisotropic properties can be "custom-controlled,, by such parameters as: type of fibers used, the direction of the fibers, and the volume percent fibeis within the metal matrix.
Many problems such as the degree of interaction between the fibers and the metal matrix are extremely important (Reference 2). For instance, mechanical bonding (no chemical interaction between fiber and matrix) may actually be adequate for certain applications. It is believed that chemical bonding between fibers and matrix is more desirable for the efficient transfer of stresses through the matrix. However, too great a reaction between the fiber and matrix could be detrimental since the properties of the fiber might be destroyed. Thus, this problem presents itself as a dilemma. In one case (i.e., sapphire whiskers) certain coatings must be applied to the fiber to achieve any degree of bonding, while on the other hand, certain materials which act as diffusion barriers must be applied to other types of fibers or filaments to prevent overreaction (leference 4). Nevertheless, with the emergence of new fibrous 1 AFML-TR-68-127 materials such as boron filament, silicon carbide filament, and alumina whiskers (Reference 5), laboratory results utilizing such fibers in composites have been encouraging enough (from a metallurgical behavior and a mechanical property standpoint) to warrant further study.
Interest in composites was stimulated by the glass-reinforced plastics technology. The theory for fiber reinforcement of metals has not been well defined since the detailed micromechanics have not been satisfactorily investigated. However, most investigators borrow existing theories from the classical mechanics areas solely concerned with the elastic stress range which leads to the result that for a given strain of the components, the high modulus fibers will bear more of the stress than the lower modulus matrix. This theory must be slightly modified since the plastic matrix behaves in a brittle fashion while a metal matrix will display a degree of ductility. Thus, for a reasonable percentage of the fiber strength to be realized, the metal matrix may be stressed beyond its elastic limits.
The work of Cratchley and Baker (Reference 6) with a continuous silica fiber-reinforced aluminum alloy has demonstrated (by hot pressing alumiin.m coated silica fibers) room temperature strengths of 140,000 PSI.
Sutton and Chorne (Reference 4) have shown thatthe short or staple alumina whiskers (by molten infiltration of aluminawhiskers with silver) offer reinforcement for silver both at room and at elevated temperatures.
Weeton, Quatlnetz, and Herbell (Reference 7) have performed extrusion studies on tungsten with added compounds In order to study the reasibility of producing fiber-bearing composites by the elongation of materials in situ during the extrusion. Their results were encouraging since composites with highly elongated additives ranged from four to 18 times better in stress rupture life at 3000F thai, unreinforced specimens of tungiten matrix. To date, the Advanced Metallurgical Studies Branch of the Air Force Materials Laboratory has investigated boron fiber-reinforced aluminum composites fabricated by various methods among which was a powder metallurgy process. The boron filament was chosen due to its present availability and because it represents the new generation of filamentary materials. The aluminum was selected as a matrix material because of its ease of handling and adaptability to a powder metallurgy process. For convenience, these powder metallurgy specimens were approximately 3/16 inch wide, 3-1/2-inch long, and of variable thicknesses. These powder metallurgical bar specimens have been used to generate data as to the reinforcing effects of these new filaments. Using various fiber configurations, (that is, a). continuous and b). discontinuous filaments within the gage section of the specimen) these powder metallurgical bar composites have demonstrated that the boron filament does have a rcinforcing effect on the aluminum matrix (Fig.re 1) .
The method of lay-up and fabrication is extremely tedious since this is entirely a hand process. That is, the boron filaments must be individually placcd into the die with the desired amount of powdered aluminum for each bar specimen. It was because of this need for a more production-orientated process that the idea for the subject of this present study was generated.
Although hot extrusion was successfully used by Parikh (Reference 10) for fabricating a metal fiber-reinforced metal matrix composite, much skepticism arose when a similar method wes suggested for a boron fiber-reinforceed metal system, due to the brittle nature of the boron filament.
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SECTION II
STATEMENT OF PROBLEMS
The objectives of this study were many: (1) feasibility of using extrusion as a forming process for a composite of a brittle nonmetallic fiber and ductile matrix; (2) mechanical data for the resultant composites; (3) raetallographic cross sections of the extrusion to determine fiber spacing; (4) longitudinal sections to determine fiber alignment; (5) investigation of fiber damage by leaching the fiber from the matrix; and (6) investigation of fiber distribution as a function of extrusion length.
Because of its deficiencies, the early boron fiber was a poor fiber to select for such a study. However, it was indicative of a new class of filamentary materials. The question of optimum particle size distribution arises when using powder metallurgical techniques for fabricating specimens. [5
AFML-TR-68-127
The can technique was chosen for a variety of reasons: (1) there is less chance of contamination of the composite with other materials (Reference 11).
(2) it is a method to utilize the existing bar-specimen technology; and ( Macrophotographs were taken to leached fibers from each metallographic section.
The 3-inch sections of the extruded bar were machined into tensile specimens. Extreme difficulty was encountered when the cutting tool of the lathe encountered a boron fiber. SR-4 strain gages were cemented to the tensile specimens. Since doubt arose as to the validity of 1/4-inch gages, Huggenberger mechanical strain gages with a 1-inch gage length were attached to the specimens at 900 to the SR-4 gages. A Vickers hardness test was made across the face of one of the longitudinal specimens. Upon examination of the cross section of the metallographic specimens of the second extrusion (1-inch sections), Specimens 7 through 9 exhibited void space between the composite core and the 2024 case. It is believed that this condition was a result of residual void space when the bar specimens and shims were fitted into the cavity of the 2024 can prior to extrusion. It is also believed that this problem can be overcome by a more careful fitting of the core and by using specimens to make a square cross sectional area and then machining the whole composite "bundle" to a round configuration. This would make the use of shims unnecessary. It is hopeful that a technique now under consideration will eliminate the problem of shims (i.e., isostatic pressing).
Although the density of the cold pressed bar specimens was good, (average of 97 percent theoretical density) it is believed that the hot extrusion densified the core area to nearly theoretical limits. Commonly aluminum powders have as much as a 20 X layer of oxide around each particle (analysis showed that the oxygen content of the as-received powder and the final composite remained the same -0.5 percent). Normally this would be disadvantageous; however, cold pressing conditions utilizing the high pressures on such a small specimen could have created enough force to break up this oxide layer into a fine dispersement. Iikewise, these high pressures for such a dimensionally small AFML-TR-68-127 bar specimen could have induced near-isostatic pressing conditions. Efforts are presently underway to establish the validity of this assumption utilizing electron microscopy. (However, green strengths of these cold-pressed specimens are more than adequate.) Generally, the inter-fiber spacing and fiber alignment throughout every polished section is typified by the macrophotos (Figure 6 ). However, those specimens with poor filament spacing were fractured by gross matrix flow. The degree of fiber distribution over the length of the extrusion bar was computed on the basis of fiber occurrence in these cross sections.
The ptirpose of the longitudinal sections was to indicate the alignment of the fibers as a result of the extrusion process. Generally the alignment was fair for both extrusions although areas of greater fiber concentration (Specimens 9 and 11) displayed a greater deviation from the extrusion direction. During polishing of the longitudinal speci-,ens it was observed that some fibers had a tendency to pull out and scratch the specimen surface. Closer observation revealed that when the depth of polishing exceeded the reacted tungsten substrate of the boron fiber, the fiber would be prone to pull out. The 3-inch sections to be used for mechanical testing were machined shown in Figure 4 . The actual mechanical testing was performed on an Instron machine with the 0 to 10,000 pound load cell. Originally it was planned to utilize the full 1-inch gage length of the tensile specimens for the strain measurement.
However, 1-inch SR-4 gages were unavailable at the time the specimens were tested. In lieu of the 1-inch strain gage, 1/4-inch gages were used; the use of these gages raised an element of doubt as to the validity of the results aince the composite, by its very nature, is not a homogeneous material and could be influenced by localized variation in strain. That is, concentrations of the high modulus boron filaments at or near the surface of the test specimen could have influenced the strain in the localized regions near the filaments, thus, false strain readings could occur if the strain measuring device was small and was in the proximity of the filament. As a result of these reflections, it was believed that the larger the strain gage the better statistical average of these localized strain restraints and better strain measurement to reflect the behavior of the whole composite.
Two Huggenberger mechanical extensionmeters were used in conjunction with the two SR-4 gages and the results were compared. The comparison of the results of the two types of gages, when plotted on the same graph, were so close that all previous doubts were quelled.
The crosshead speed for all tests was 0.005 inch per minute. Most of the tests were performed in 50-pound load increments. That is, every time a 50-pound load was attained and readings were taken, the load was dropped back to zero to ascertain the amount of permanent strain to insure elastic measurements (Figure 9) . Near the yield point the mechanical gages were taken off.
All fractures occurred in the gage secton. However, one disturbing fact was apparent. In the second extrusion, fox, certain tensile specimens, some of the 2024 can or shim material was included in the machined gage section. Thus the apparent tensile strength values for a group of the specimens were misleading since the strong alloy boosted the ultimate tensile strength of the tensile specimen. It was interesting to note that during the actual testing, as the section of the specimen composed of the alloy failed, the indicated load on the automatic recorder simultaneously dropped. These strips of 2024 alloy at the specimen surface were observed to fracture before the composite portion of the specimen, and the failure of the 2024 material was accompanied by a load drop on the load-elongation curve, followed by further elongation of the composite portion (Figure 10 ). "Apparent" tensile strength values refer to loads recorded immediately after fracture of 2024 material and the cross-sectional area of only the composite portion of the specimen. Thus, one can extrapolate to determine the actual strength of the composite based on the known area of the composite in the fracture section. That is, the contribution to the ultimate tensile strength due to the presence of 2024 must be accounted for in order to make a reasonable comparison among the various tensile specimens. Consequently, when load values were taken from the automatic recorder graph paper at the point where the 2024 shim material was observed to fail rather than at th3 point corresponding to the apparent ultimate tensile strength of the specimen, the tensile values were reasonable.
For this study the modulus increased as the fiber content of each specimen increased. For instance, tensile Specimen 10 (second extrusion) possessed the highest volume percent fiber (5.95), and it also displayed the highest modulus Another interesting phenomenon occurred during tensile testing. As the composite entered the plastic region, the individual fiber fractu-es were audible.
Sometimes when there were multiple fiber fractures, the automatic recorder
would show a sudden interruption of the yield continuously on the curve. For future work it would be interesting to attach a microphone to the specimen in conjunction with another visual recording device in order to correlate the fiber fractures with the conventional stress-strain curve for a composite specimen.
During testing one particularly interesting phenomenon was observed, that of the propagation of a crack on a specimen surface (Figure 11) . The crack was observed to originate in the matrix between two fibers exposed on the surface.
Upon further straining of the specimen the crack propagated in both directions.
One end of the crack intersected a fiber and was arrested. Upon further straining of the composite specimen the fiber fractured. Soon a hairline crack appeared on the opposite side of the fiber. The specimen then fractured in another location.
The inference here is that although there was a visible crack on the specimen the presence of filaments (with sufficient aspect ratios) either on or near the surface (provided there is sufficient bonding) appears to: (1) transfer loads;
(2) arrest cracks by absorbing energy associated with crack propagation;
and ( b) Transfer of energy through the interface to the fiber -the fiber is loaded to its maximum stress and fails.
c) The void formed by fiber failure can cause propagation of additional cracks if adjacent fibers cannot transfer the localized stress.
Macrophotos were taken of the fracture surfaces for all specimens tested (Figures 13 and 14) . The individual fibers under higher magnification displayed a phenomenon heretofore not observed with common bar specimens. Although some fibers pulled outofthe matrix aluminum, bonding was apparently extremely
good since the fiber surface was completely covered with aluminum and the tip of the fiber, rather than being void of matrix material, actually showed a cone of aluminum. Likewise, those filaments which fractured first and pulled out, also showed a high degree of adherence between filament and matrix ( Figure 14) . Being an inhomogeneous material, (i.e., two-component) it is difficult to accurately describe the fracture surfaces without descriptions of the components. As mentioned previously some fiber pull-out was experienced, but fiber fracture was more prevalent. This indicated not only excellent bonding of the fibers to the matrix material, but also a fiber aspect ratio which was sufficient to transfer stresses.
The actual critical aspect ratio (i.e., that minimum length for a given diameter fiber necessary to affect a stress transfer) (L/d) for the boron fiber
In an aluminum matrix has not yet been established. However, the critical aspect ratio for whiskers seems to be between 10 to 100 (Reference 4). Generally, it is believed that a ratio of 20:1 will perform satisfactorily. Cratchley (Ref- Generally, fractures were semi-ductile in nature. That is,there is evidence of ductility, but the fracture zone does not result in excessive necking down.
Rather there are localized ductile fractures as evidenced by the aluminum on the tips of the boron filaments.
A greater degree of ductility was exhibited by those specimens which had lower volume percent fibers. Likewise, as the fiber content increased, so did the modulus of the composite. One would expect this behavior since the boron fibers act as a restraint on the matrix thereby hindering normal yielding of the aluminum (Figures 12-a, b and 15 has not been observed to exhibit plastic deformation at room temperature.
Although some thought had been given to the processing conditions for this study (i.e., extrusion temperature, speed, reduction, lubricants), it had been firmly believed that these parameters could be optimized. The particular temperature for the extrusion (8000F) was selected since it approached the sintering conditions used for the powder metallurgy bar specimens and this elevated temperature would aid in the flow characteristics for the extrusion.
Perhaps a lower temperature would yield better results. Likewise,the reduction ratio could be varied.
Plans are presently underway to study these parameters in greater detail in order to evaluate more adequately the extrusion process as a method of fabricating brittle fiber-reinforced ductile metal matrix composites. so as to Fill the %'aximum using 2024 Aluminu Pifnf.
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